A relatively simple immunochemical procedure for estimating flagellar protein was developed. This procedure involved measuring the binding of purified, radioactively labeled, antiflagellar antibodies to bacteria. The assay was used to determine the requirements for ribonucleic acid (RNA) The synthesis of bacterial flagella has been studied with a view toward understanding the mechanisms involved in the formation of subcellular organelles. In general, experimental manipulations involve shearing the bacteria to detach the flagellar filament and resuspending the cells in growth medium to allow regeneration (11, 12, 19) . Studies of the physiological requirements for regeneration have led to the suggestion that a metabolically stable messenger ribonucleic acid (mRNA) mediates the synthesis of the major component of flagella, flagellin (15, 16) . This notion is supported by the observation that both Bacillus subtilis and Salmonella typhimurium regenerate flagella when the cells are deprived of tryptophan. Although tryptophan is not found in the flagellin protein, it is thought that this substance is necessary for RNA synthesis, since uracil incorporation into RNA is inhibited when "stringent" cells are deprived of amino acids.
(ii) regeneration requires both concomitant protein and RNA syntheses, and (iii) B. subtilis continues to synthesize messenger RNA during tryptophan starvation.
The synthesis of bacterial flagella has been studied with a view toward understanding the mechanisms involved in the formation of subcellular organelles. In general, experimental manipulations involve shearing the bacteria to detach the flagellar filament and resuspending the cells in growth medium to allow regeneration (11, 12, 19) . Studies of the physiological requirements for regeneration have led to the suggestion that a metabolically stable messenger ribonucleic acid (mRNA) mediates the synthesis of the major component of flagella, flagellin (15, 16) . This notion is supported by the observation that both Bacillus subtilis and Salmonella typhimurium regenerate flagella when the cells are deprived of tryptophan. Although tryptophan is not found in the flagellin protein, it is thought that this substance is necessary for RNA synthesis, since uracil incorporation into RNA is inhibited when "stringent" cells are deprived of amino acids.
Recent studies of the control of RNA synthesis (3, 7) indicate that inhibition of uracil incorporation reflects the inhibition of the cell's ability to use exogenously supplied pyrimidine precursors. In fact, there is evidence that, although net RNA synthesis is inhibited, mRNA continues to turn over during amino acid starvation (17) . Therefore, we reexamined the physiological requirements for flagellar regeneration.
In this investigation, we conducted experiments to determine the effects of a variety of metabolic inhibitors, as well as the effects of uracil and amino acid starvation, on flagellar regeneration. These experiments indicate that the system involved in flagellar regeneration does not have unusual metabolic stability. (trp+ phe-lys-). B. subtilis 23W is a prototroph derived from the classical B. subtilis 23 strain, and 168M is a highly transformable strain derived from 168 (trp-). SB 108 (fla-), which is nonmotile and lacks flagella, was sent to us by Dr. Nester, Stanford University, Palo Alto, Calif.
The cells were grown in either Penassay Broth or minimal medium (18) supplemented with 0.1% Casamino Acids and 15 ,ug of required nutrients per ml. For the regeneration experiments, cultures were grown overnight, diluted into fresh medium, and allowed to grow for 2 hr. The regeneration time in minimal medium was usually 50 min.
Purificationi of antigens and antibodies. Flagella were prepared from B. subtilis 168 (trp+ phe-lys-) and B. subtilis 23W. The bacteria were grown overnight on nutrient agar in pans. The cells were harvested and the flagella were purified by a modification of the procedures described by Abram and Koffler (1) and Martinez (14) . The cells were sheared in an omnimixer (Virtis Co., Inc., Gardiner, N.Y.) for 30 sec at 9,000 rev/min to remove the flagella. The bacteria were separated by low-speed centrifugation, and the flagella in the supernatant fluid were collected by centrifugation at 100,000 X g for 1 hr. The pellet was gently resuspended in 0.01 M phosphate buffer at pH 6.8. The resuspended material was precipitated at 4 C with 50%0 ammonium sulfate. The precipitate was resuspended in 0.01 M Tris buffer, pH 7.2, and was dialyzed against 0.01 M Tris buffer, pH 7.2, containing 0.05 M sodium chloride. After extensive dialysis, this material was applied to a column of Ecteola ion exchange resin and was developed with a continuous gradient of 0.01 to 1.0 M sodium chloride. The antigenic activity was eluted at about 0.3 M sodium chloride. This material gave a single band when subjected to electrophoresis (at pH 2.0 and pH 8.5) in 8.0 M urea.
Antisera were prepared by a series of intravenous injections of 1 mg of purified flagella. The rabbits were bled 1 week after the last injection.
The purified antibody was prepared by the procedure of Freedman, Slobin, Robbins, and Sela (6). An immune precipitate was formed in antibody excess. The precipitate was washed with 0.15 M sodium chloride and 0.01 M phosphate buffer. It was then dissolved in deionized, 8 M urea and passed through a column of diethylaminoethyl (DEAE)-cellulose equilibrated with deionized urea and 0.01 M Tris buffer, pH 7.2. The initial protein-containing fractions emerging from the column were pooled and dialyzed exhaustively against 0.01 M phosphate, pH 6.8, containing 0.1 M sodium chloride. The antibody was then centrifuged to remove any precipitate and was stored at -20 C. Approximately 40%0 of the total antibody activity of the initial serum was recovered in this way.
The purified antibody was iodinated by the procedures described by Greenwood (9) . One preparation was made with 'III, whereas later preparations utilized 1251. The specific activity of the antibody was generally in the range of 0.1 to 1.0 ,uc of antibody per jg. The ,3 emmission from 131I was measured on a gas-flow counter (Nuclear-Chicago Corp., Des Plaines, Ill.), and 'laI was counted by scintillation in liquifluor scintillation fluid (Nuclear-Chicago Corp.). The 12I-labeled sera could be used over a period of 3 to 4 months.
Ferritin-conjugated antibodies were prepared by the method of Dutton, Adams, and Singer (2). The antibody was added to a suspension of cells in growth medium, and the mixture was incubated for 5 min at room temperature. The cells were resuspended in 0.1 M ammonium acetate or distilled water and were put directly on copper grids for electron microscopy.
Flagella determinationi. The cell density was estimated on the basis of measurements of the turbidity of the culture. The cells were removed from the growth medium by centrifugation and were resuspended in buffer. The measurements could also be made directly in growth medium when 10-2 M potassium cyanide or 50 gg/ml of chloramphenicol (CAP) was added to inhibit further development of flagella. The bacteria were diluted with isosatris buffer to appropriate concentrations. A 0. I-ml amount of antibody was added to 1.0 ml of bacteria, and, after gentle mixing, the tubes were incubated at room temperature for 30 min. They were then chilled at 4 C, and 1.0 ml of cold iso-RGG buffer was added. Filters (Millipore Corp., Bedford, Mass.) were prepared by soaking in iso-RGG buffer and washing with 4.0 ml of the buffer. The sample was then poured on the filter and washed four times with 4.0 ml of buffer. It was essential to minimize the amount of air passing through the filter, since the air appeared to denature some of the antibody and consequently increase the level of nonspecific binding to the filter. The filters were dried, immersed in scintillation fluid, and counted.
RESULTS
Antibody binding to flagellated bacteria. The electron micrograph of ferritin-conjugated antiflagellar antibody binding (Fig. 1E) BACTERIA ADDED x 10-6 remove free antibody. The specificity of binding is shown in Fig. 2 (Fig. 3, 4) . At were removed and the degree of flagella regeneration The percentage of regeneration can be calculated was measured. Symbols: X, no additions; 0, CAP by dividing the slope of the curve obtained at (100 ,ug/ml) was added immediately after shearing; 0, CAP (100 Jg/ml) was added after 30 min ofincubation. After 60 min, the cells were washed free of CAP by curve found for fully flagellated cells before centrifugation and were resuspended in fresh medium. 
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by conventional serological techniques was presented in another publication (8) .
Requirement for protein synthesis. The assay 40 _ described above was used to examine the effects of specific metabolic inhibitors on flagellar regeneration. The addition of 100 ,ug of CAP per ml resulted in an immediate cessation of flagella 30 _ synthesis (Fig. 6) 5 ,ug of actinomycin D per ml, flagellar synthesis proceeded for about 10 min and then ceased (Fig. 8) . Relatively high concentrations of actinomycin were required to inhibit RNA synthesis with B. subtilis 168 strains. The experiments were therefore repeated with the 23W strain (Fig. 9 ). The addition of 1 ,ug of actinomycin per ml rapidly reduced uracil incorporation to less than 1 % of the control rate. Under these conditions, flagellar synthesis continued for a short period and then stopped. Similar results were obtained with actinomycin concentrations as low as 0.5 ,ug/ml. The decay of the capacity of both the 23W and 168M cells to regenerate flagella was exponential, with a half-life of 5.5 min.
Effects of amino acid starvation. When tryptophan-requiring auxotrophs were resuspended in the absence of the amino acid, the rate of incorporation of uracil into RNA was inhibited. Under these conditions, the cells continued to regenerate flagella at 25% of the rate of an unstarved culture, supplemented minimal medium. The cells were sheared and half of the culture was resuspended in the absence of tryptophan and the other half of the culture was resuspended in the presence of 15 Mtg/ml of tryptophan. Uracil incorporation was measured essentially by the method described in Fig. 9 . Symbols: O, regeneration in the presence of tryptophan; X, regeneration in the absence of tryptophan; 0, uracil incorporation in the absence of tryptophan.
VOL. 95, 1968 DIMMITl, BRADFORD, AND SIMON even after uracil incorporation had decreased to less than 10% of the initial rate (Fig. 10) . In control experiments, cells deprived of leucine showed no significant regeneration. It is possible that, at the basal level of uracil incorporation (Fig. 10) , there is sufficient RNA synthesis to maintain regeneration during amino acid starvation. To test this possibility, the cells were deprived of tryptophan for 20 min and then were deprived of uracil. Regeneration proceeded at exactly the same rate in the presence or absence of uracil (Fig. 11) 15 ,usg/ml of tryptophan but no uracil; a, cells starved and resuspended in medium containing no uracil or tryptophan; X, cells starved and resuspended in medium containing 15 ,Lg/ml of uracil and no tryptophan. In a control experiment, BR 44 (trp-leu-) was starved for leucinefor 20 min and then was sheared and resuspended in the absence of leucine (0). The Casamino Acids usually used to supplement the medium were replaced by a mixture of 19 amino acids; no leucine was added.
RNA continues to be synthesized and broken down (maintaining an internal pool of RNA precursors) even though net RNA synthesis is inhibited (17) .
If continued RNA synthesis is required for regeneration, we would expect actinomycin D to inhibit the process. On the other hand, if a preexisting RNA becomes unusually stable during starvation, actinomycin D should have no effect. Cells were deprived of tryptophan and then were sheared and resuspended in the presence of 3 ,ug of actinomycin D per ml. The rate of regeneration decreased, and, after 10 min, there was no further flagellar synthesis (Fig. 12) . The effect of actinomycin was exactly the same when the cells were deprived of tryptophan and uracil.
DISCUSSION
On the basis of the experiments presented here, we conclude that the process of flagellar regeneration requires both concomitant RNA and protein syntheses. Our data can be interpreted further if we assume that the limiting step in regeneration is the synthesis of flagellin subunits. When flagella are detached from exponentially growing cells, there is an excess of pre-existing sites from which new flagella can develop. The inhibition of flagella regeneration by CAP indicates that the flagellin subunits are assembled immediately after they are produced and that there is no large intracellular pool of precursor material. These Effect of actinomycin on flagellar regeneration in the absence of tryptophan. BR 72 (trp-ura-) was starved for tryptophan, as described in Fig. 11 One of the most attractive schemes available to describe the synthesis of flagella is the "factory" model. This hypothesis (10, 15) suggests that the basal granule of the flagellum contains a stable system involved in the synthesis and secretion of flagellin subunits. Our data argue against the existence of a metabolically stable system. The inhibition of RNA synthesis by either actinomycin or uracil starvation results in the inhibition of flagellar synthesis. The residual activity (Fig.  8) , presumably due to messenger RNA decay, has a half-life of 5.5 min, only slightly longer than that of the bulk of messenger RNA in the cell (13) . Furthermore, the regeneration observed during tryptophan starvation was also dependent upon RNA synthesis, since this regeneration was inhibited by the addition of actinomycin. Our experiments suggest that amino acid starvation inhibits net RNA synthesis and the utilization of exogenously supplied uracil but does not inhibit the synthesis and degradation of mRNA.
We cannot completely eliminate the possibility that the procedures used to inhibit RNA synthesis have other primary effects on the system. However, the inhibition resulting from uracil starvation was reversed when uracil was added to the cultures (Fig. 7) , and there was little change in the colony-forming ability of the cells during the course of uracil-and tryptophan-starvation experiments. Furthermore, in preliminary experiments, we found that the addition of 5-fluorouracil to cultures during regeneration resulted in the synthesis of aberrant flagellin protein (Dimmitt and Simon, unpublished data). Finally, recent experiments with S. typhimurium (L. Aamodt and J. Eisenstadt, Bacteriol. Proc., p. 103, 1967) indicate that an obligatory relationship between RNA synthesis and flagella regeneration exists.
The foregoing discussion was based on the assumption that the synthesis of flagellin is the limiting factor in flagellar assembly and regeneration. However, the rate of flagellin synthesis may be coupled by metabolic control mechanisms to the rate of synthesis of flagella-secreting sites. The assay that we described only measures the appearance of flagellar antigens and is oblivious to the distribution of these antigens on the surface of the cell. Subsequent investigations will be devoted to a complete analysis of the kinetics of flagella elongation and initiation.
